The 27-, 30-, and 33-kDa rod linker polypeptides and the 75-kDa core linker of phycobilisomes from the cyanobacterium Synechococcus sp. strain PCC 7942 have been reported to be glycoproteins with carbohydrate contents ranging from 3.2 to 18.8% and composed of N-acetylgalactosamine and glucose (H. C. Riethman, T. P. Mawhinney, and L. A. Sherman, J. Bacteriol. 170:2433Bacteriol. 170: -2440Bacteriol. 170: , 1988. Synechococcus sp. strain PCC 7942 phycobilisomes were purified extensively, and the linker polypeptides were separated from the phycobiliproteins by precipitation in 1 M NaSCN. Upon hydrolysis, the linker fraction yielded 0.037% glucose and 0.015% galactosamine by weight and no other carbohydrate. Phycobilisome polypeptides separated by polyacrylamide gel electrophoresis in the presence of sodium dodecyl sulfate were subjected to various glycoprotein-specific staining procedures. Linker polypeptides showed very weak concanavalin A binding and no staining by the Schiff-periodate method or by a much more sensitive periodate oxidation-based method. These results indicated that the linker polypeptides are not glycosylated. An earlier report (T. Fujiwara, J. Biochem. 49:361-367, 1961) contended, on the basis of the isolation of sugar-containing peptic chromopeptides from Porphyra tenera R-phycoerythrin, that this red algal phycobiliprotein is a glycoprotein. Analysis of Gastroclonium coulteri R-phycoerythrin and Porphyridium cruentum B-phycoerythrin revealed only traces of carbohydrate in these two proteins, 0.36 and 0.14%, respectively. Results of glycoprotein staining of gels suggested that the carbohydrate in the R-phycoerythrin preparation is due to a glycoprotein contaminant and that neither red algal phycoerythrin is glycosylated.
Phycobilisomes are large light-harvesting complexes arrayed on the cytoplasmic face of the thylakoid membranes of cyanobacteria and red algae (see references 3, 9, 10, and 40 for reviews). The main components of these complexes are the phycobiliproteins, intensely colored proteins which carry covalently attached linear tetrapyrroles (bilins). The phycobiliproteins are organized into phycobilisomes through interactions with several mostly uncolored polypeptides called linker polypeptides (9, 10) . The largest linker polypeptide, present in two copies per phycobilisome, carries a single bilin which functions as the terminal energy acceptor (8, 22) . At a nearly neutral pH, the phycobiliproteins are negatively charged and highly soluble, whereas the linkers are basic, hydrophobic, and virtually insoluble in aqueous solutions without associated phycobiliproteins. A number of genes for phycobiliproteins and linkers from various species have been cloned and sequenced (3) . The amino acid sequences of many phycobiliproteins and a few linkers have also been determined (40) .
Two types of evidence that linkers in cyanobacterial phycobilisomes are glycoproteins have been presented in recent reports: (i) staining by the Clegg procedure of linkers separated by lithium dodecyl sulfate-polyacrylamide gel electrophoresis (LDS-PAGE) and blotted onto nitrocellulose and (ii) carbohydrate analysis of whole phycobilisomes, of linkers precipitated with ammonium thiocyanate, and of linkers eluted from polyacrylamide gels. The Clegg procedure makes use of the specificity of concanavalin A (ConA) for a-glucopyranosides and a-mannopyranosides (4) . ConA and horseradish peroxidase (HRP) were used to stain blotted linkers from Synechococcus sp. strain PCC 7942 (Anacystis nidulans R2; 28, 29) , Synechocystis sp. strain PCC 6714 (29) , and Synechocystis sp. strain PCC 6308 (6) . Carbohydrate analyses were performed only on the material from Synechococcus sp. strain PCC 7942 by Riethman et al. (29) ; in these analyses, they detected a large amount of glucose on each linker and a smaller amount of N-acetylgalactosamine on at least two of the four linkers isolated by electroelution of gel slices from LDS-PAGE.
In the studies cited above, no glycosylation of phycobiliproteins was detected. However, there is an older claim in the literature for the glycosylation of Porphyra tenera R-phycoerythrin (R-PE). In this case, Fujiwara (7) purified a chromopeptide from a peptic digest by organic solvent extraction and reported that it contained xylose, arabinose, and galactose. Analysis of the whole phycoerythrin yielded higher percentages of these sugars as well as a large quantity of a "uronic acid-like substance." R-PE has the subunit structure (c4)6-y. The y subunit of this protein plays the role of a cyanobacterial rod linker polypeptide. It also carries four covalently attached bilins (17) . Therefore, on the basis of the reports on cyanobacterial linkers, one might speculate that the -y subunit in R-PE is a glycosylated polypeptide.
The reports of linker glycosylation attracted our attention for several reasons. There is a lack of firm precedent for an intracellular glycoprotein in a prokaryotic species. Although the presence of extracytoplasmic glycoproteins is well established in archaebacteria and eubacteria (37) , the only strong claims made for intracellular, prokaryotic glycoproteins are for the 5-endotoxin of Bacillus thuringiensis subsp. israelensis (26) and the F1 ATPase of Micrococcus lysodeikticus (2) . In the latter case, Lim and Salton (20) showed that the source of the carbohydrate was contamination by lipo-polysaccharide. For 8-endotoxin, amino sugars were found in crystals purified by zonal density gradient centrifugation, and binding of wheat germ agglutinin to crystal polypeptides separated by sodium dodecyl sulfate (SDS)-PAGE and blotted onto nitrocellulose was shown. However, no chemical information concerning the nature or site of linkage of these sugars has been presented. Huber et al. (16) , using a different strain, B. thuringiensis subsp. thuringiensis, found that freshly prepared crystals had a carbohydrate content of 5% and that this content could be reduced to less than 0.05% by repeated washing.
Much is known about the structure of phycobilisomes, but it is difficult to infer from this information where the carbohydrate portions of the linkers might fit. Riethman et al. (29) proposed that the 27-to 33-kDa rod linkers are glycosylated near the amino terminus or the carboxyl terminus or both and commented that "The presence of carbohydrates at the end(s) of these molecules, exposed to possible enzyme action, implicates glycosylation and deglycosylation as possible mechanisms for the regulation of phycobilisome assembly and degradation." However, these linkers are susceptible to proteolysis only in subassemblies of phycobilisomes. In whole phycobilisomes from the closely related species Synechococcus sp. strain PCC 6301, the 27-to 33-kDa linkers are not readily degraded by trypsin (21, 38) . The large core linker of Synechococcus sp. strain PCC 6301 and a number of other species is highly susceptible to proteolytic cleavage in whole phycobilisomes (21, 32, 38) . In vivo this linker is believed to contribute to the attachment of phycobilisomes to the thylakoid membrane and might be vulnerable to protease attack after detachment of the phycobilisomes from that membrane. Structural studies are consistent with the view that the 27-to 33-kDa linkers in intact phycobilisome rods are buried within phycobiliproteins. If these linkers are glycosylated, the carbohydrate portions might well play a role in phycobilisome assembly.
Finally, conjugates of phycobiliproteins such as B-phycoerythrin (B-PE) and R-PE are commonly used as fluorescent reagents in fluorescence-activated cell sorting, flow cytometry, and fluorescence microscopy (12) . If these rhodophytan proteins are glycosylated, the carbohydrate moiety could be exploited for selective modification for conjugate formation.
This report deals with our attempts to verify the glycosylation of linker polypeptides of Synechococcus sp. strain PCC 7942 phycobilisomes and to examine two red algal phycoerythrins for glycosylation. Polypeptides separated by SDS-PAGE were stained by the Clegg procedure and by methods based on periodate oxidation. In addition, we analyzed purified preparations of various proteins for monosaccharides after acid hydrolysis under appropriate conditions, by ion-exchange chromatography with electrochemical detection.
MATERIALS AND After the addition of phenylmethylsulfonyl fluoride (to a final concentration of 1 mM), cells were broken by three passes through a chilled French pressure cell at 15,000 lb/in2. Triton X-100 was added to 1% by volume, and the suspension was incubated for 30 min and centrifuged at 29,000 x g for 20 min. The supernatant was discarded, and the pellet was suspended in 0.6 M Na-K-PO4 (pH 7.5)-2 mM EDTA-1 mM NaN3-1 mM 2-mercaptoethanol. A Dounce homogenizer was used to resuspend the pellet. Triton X-100 was added to 1%, and the mixture was incubated for 30 min and centrifuged at 29,000 x g for 20 min. The pellet was discarded.
Phycobilisomes in the supernatant were purified further either directly or after concentration by precipitation. The solution was brought to 1 M Na-K-P04 by the addition of 1.5 M Na-K-PO4 (pH 7.5) and centrifuged at 29,000 x g for 20 min. The phycobilisome precipitate was dissolved in 0.6 M Na-K-PO4 (pH 8.0) and purified by sucrose density gradient centrifugation by the method of Yamanaka et al. (38) . The upper layers contained membrane material and were discarded. The intensely blue phycobilisome band was recovered and stored. Phycobilisomes purified in this manner were used for gel electrophoresis experiments.
For carbohydrate analysis, phycobilisomes recovered from the sucrose density gradient were precipitated by the addition of Na-K-PO4 (pH 8.0) to 1 M. The aggregated phycobilisomes were collected by sedimentation in a microcentrifuge for 5 min, and the supernatant was carefully removed and discarded. The pellet was suspended in fresh 1 M Na-K-P04 and centrifuged again, and the supernatant was discarded. The phycobilisomes were dissolved in 0.6 M Na-K-PO4 and reprecipitated by the addition of Na-K-PO4 to 1 M. The supernatant was removed, and the pellet was dissolved in 0.4 ml of 0.6 M Na-K-PO4. A very small amount of insoluble material was removed by centrifugation. The solution was passed through a 15-ml column of Bio-Gel P2 (400 mesh) equilibrated with 0.75 M Na-K-PO4. The phycobilisomes emerged in the void volume and were collected in a single 2-ml fraction. To this fraction 1 ml of 1.5 M Na-K-PO4 (pH 8.0) was added, and the aggregated phycobilisomes were collected by centrifugation. After careful removal of all of the supernatant liquid, the pellet was dissolved in 0.6 ml of water. This sample was subjected to thiocyanate fractionation as described below.
Thiocyanate fractionation of phycobilisomes. The following procedure is a modification of that used by Lundell et al. The mixture was left overnight at room temperature and centrifuged, and the supernatant was separated from the pellet. Salts were removed from the bright blue pellet by three washes with 0.1 ml of 1 mM ammonium acetate (NH4OAc) (pH 5.6) . During the washing process, the pellet became highly viscous and adhered to the sides of the microcentrifuge tube. The supernatant was passed through a 15-ml column of Bio-Gel P2 equilibrated with 1 mM NH4OAc (pH 5.6) to remove thiocyanate and other salts. The protein was collected in a single fraction of 705 ,u.
Purification of phycoerythrins and C-PC. Gastroclonium coulteri R-PE (17), Porphyridium cruentum B-PE (33) , and Synechococcus sp. strain PCC 7002 C-phycocyanin (C-PC) (11) were purified as described previously. B-PE was further purified by sucrose density gradient centrifugation (13) . Sucrose was removed by extensive dialysis against 5 mM Na-K-PO4 (pH 7.5)-i mM NaN3; the sample was concentrated to 0.2 ml in a Speed Vac (Savant) and passed through a 15-ml Bio-Gel P2 column equilibrated with 5 mM Na-K-P04 (pH 7.5). Immediately prior to pronase digestion (see below, protocol A), B-PE was passed through a similar column containing 1 mM NH4OAc (pH 5.6).
Preparation Amino acids and oligopeptides were removed from the samples by adsorption to an ion-exchange resin. Dowex 2X8 was cycled twice through 1 M HCl and 1 M NaOH with water washes in between and stored as a 50% suspension in the OH-form in water. The samples were dissolved in 500
IlI of 20 ixM 2-deoxyglucose (included as a chromatographic marker), and 200 pil of the 50% suspension of Dowex 2X8 (OH-form) was added. The tube contents were mixed and centrifuged, and 0.5 ml of each supernatant was withdrawn and dried in a microcentrifuge tube in a Speed Vac. Immediately prior to analysis, the samples were dissolved in 50 pul of water and centrifuged.
(ii) Protocol B. R-PE and C-PC were passed through 20 ml of Bio-Gel P2 columns equilibrated with 5 mM NH4OAc (pH 7.0). Ovalbumin and the monosaccharide mixture from protocol A were dissolved in the same buffer; in addition, a sample of buffer from one of the Bio-Gel P2 columns was used as a blank. These samples were lyophilized in acidwashed glass hydrolysis tubes. The dry samples were dissolved in a small volume of water, and an equal volume of 4 M TFA was added to a final concentration of 2 M. The tubes were sealed under vacuum and placed in a boiling water bath for 1 h. The hydrolysates were transferred to microcentrifuge tubes and centrifuged at 4°C. The supernatants were transferred to fresh microcentrifuge tubes and dried in a Speed Vac without heat.
Amino acids and oligopeptides were removed as described for protocol A but with the resin AG3-X4A (Bio-Rad) in place of Dowex 2X8. The dry samples were dissolved in 400 ,ul of 20 puM 2-deoxyglucose, and 400 ,ul of a 50% suspension of AG3-X4A was added. The mixtures were agitated gently for 1 h and centrifuged, and 0.5 ml of each supernatant was transferred to a fresh microcentrifuge tube. The deionized samples were dried in a Speed Vac. Prior to analysis, the samples were dissolved in 50 RI of water.
Carbohydrate analysis. Carbohydrate analysis was performed on a Dionex BioLC system with a CarboPac PAl column (4 by 250 mm) (Dionex Corp., Sunnyvale, Calif.).
Samples (10 to 25 RI) were loaded on the column and eluted isocratically with 15 mM NaOH at a flow rate of 1.0 ml/min. The yield of each sugar was calculated by comparison of sample peak areas with those from a mixture of monosaccharides treated similarly by protocol A or B. The pronasebuffer blank yielded a very small amount of glucose; this was subtracted from the glucose yields of other samples treated by protocol A. The buffer blank used for protocol B did not yield a significant amount of any sugar.
Electrophoresis and blotting. Phycobilisomes were concentrated for SDS-PAGE by one of the following methods: precipitation in 10% trichloroacetic acid at 0°C, after which the pellet was washed once with water; precipitation by the addition of 1 On nitrocellulose blots, ConA-binding glycoproteins were detected by the Clegg procedure (4) with some modifications. Phosphate-buffered saline (PBS) plus cations (10 mM sodium phosphate [pH 7.4] , 150 mM NaCl, 10 puM each CaCl2, MgCl2, and MnCl2) and 0.5% Tween 20 (in place of Triton X-100) was the buffer used for each step, with the exception of color development, for which detergent was omitted. The chromogen used was 4-chloro-1-naphthol (BioRad) ( 
RESULTS
Preparation and fractionation of phycobilisomes. Synechococcus sp. strain PCC 7942 phycobilisomes were found free of chlorophyll, as determined spectroscopically, and >90% pure, as determined by gel electrophoresis (Fig. 1, lane A) Hydrolysis and sample preparation by protocol B produced mannose and glucosamine yields from ovalbumin which were 23% of those produced by protocol A. In addition, the sugar content of bovine immunoglobulin G treated by protocol B was about 25% of that previously reported. Thus, we multiplied the values for the other proteins treated in the same manner (R-PE and C-PC in Table 1 ) by a factor of 4.0. These values should be considered approximations. C-PC was considered for residue num- (38) , and thiocyanate-precipitated linkers were run in parallel on a 14% polyacrylamide gel. Ovalbumin and both fibrinogen bands stained a dense reddish pink. The C-PC bands were colored yellow-brown at the end of the procedure; it is not clear whether this was due to modified bilins or the attachment of dye to bilins or both. BSA and HEL did not stain. The phycobilisome linker polypeptides also did not stain, even though a large amount of protein was loaded onto the gel. A large amount of PAS stain was visible in the stacking gel in the phycobilisome lanes but not in the SCN-precipitate lane. This stain was mostly at the edge of the loading well, with some streaked further into the stacking gel and some at the stacking gel-running gel interface. This material did not stain with Coomassie blue.
We also used another, more sensitive periodate-based detection method based on the procedure of O'Shannessy et al. (25) . In this procedure, a hapten hydrazide is added to periodate-oxidized protein and the protein solution is separated into its components by SDS-PAGE. After being blotted onto nitrocellulose, the proteins with covalently attached hapten are recognized by treatment with an enzyme-antibody conjugate.
Because of the enzymatic amplification of staining on any proteins carrying carbonyl groups, we found that it was possible to stain all of the polypeptides examined to some extent. Although color development was much more rapid on authentic glycoproteins (ovalbumin and transferrin) than on nonglycoproteins (HEL and C-PC; BSA is an exception, as discussed below), with a high protein load and a longer time for color development, a substantial amount of stain accumulated on nonglycoproteins. The level of stain at any time on HEL or phycobiliproteins was similar to that on linker polypeptides (Fig. 3) . In this experiment, the amount of protein on the blot stained for glycoprotein (panel B) was 10-fold lower than that on the blot stained for protein with Ponceau S (panel A). Odd-numbered lanes contained protein not exposed to the digoxigenin hydrazide reagent; evennumbered lanes were treated with the reagent. Color development was allowed to proceed until the glycoprotein bands were maximally stained. Under these conditions, no color was visible on the linker polypeptides of Synechococcus sp. strain PCC 7942 phycobilisomes (lanes 1 to 4) or the -y subunits of R-PE (lanes 9 and 10). Some stain was visible on all of the phycobiliprotein bands (lanes 1 to 4 and lanes 9 and 10; 16-to 18-kDa bands); this stain seemed somewhat stronger on the P subunits. It seems likely that this stain was due to the reaction of the hapten hydrazide with oxidized bilins. Perhaps the stain on the p subunits was stronger because of their larger number of bilins and/or the greater solvent accessibility of those bilins. The 55-kDa (apparent molecular mass) contaminant in R-PE (Fig. 3, lane 10 ) which stained strongly with ConA and HRP was also stained by this method. BSA (lane 6) stained as strongly as did the glycoproteins (lanes 6 and 8). Serum albumins are known to be nonenzymatically glucosylated in vivo at low (substoichiometric) levels (5, 15, 24) . The BSA staining might also have been due to trace oxidation of amino acid residues; in a different experiment (results not shown), the same procedure without periodate oxidation yielded some staining of BSA, although at a much lower level than that seen with periodate oxidation. This result was presumably due to already existing carbonyl groups on the protein which may have been the result of oxidative modification of the protein in serum or during purification (1) . Some or all of these preexisting carbonyl groups may have been the result not of (28, 29) . We suggest that the carbohydrate which they found in phycobilisomes and thiocyanate-precipitated linkers might have been from an unidentified contaminant which copurified with phycobilisomes in a sucrose gradient. We may have reduced the level of this contamination by the repeated precipitationdissolution steps used in the purification of the phycobilisomes as well as the subsequent washing of the thiocyanate precipitate. The large amount of glucose found by Riethman et al. (29) in linkers purified by SDS-PAGE may have been due to the electroelution procedure used. The procedure involved a cellulose membrane (Spectrapor) which may have contaminated the pools of pure linkers. There was no report of carbohydrate analysis of an electroelution control, such as that represented by elution of material from bands cut from non-Coomassie-staining regions of gels or bands of a nonglycoprotein. The galactosamine found in two of the three linkers previously analyzed (29) is more difficult to explain as a contaminant; in this study, we found galactosamine to be present in linkers in a relatively small, substoichiometric amount, about 2% of that reported by Riethman et al. (29) for thiocyanate-precipitated linkers.
In our experiments the level of ConA-dependent staining of phycobilisome linkers was never substantial. It is a remote possibility that a sugar-containing material such as lipopolysaccharide travels with the various linker polypeptides during gel electrophoresis and blotting to nitrocellulose. Part of the basis for the claim of Andreu et al. (2) for the glycoprotein nature of M. lysodeikticus F1 ATPase was that some of its subunits separated by SDS-PAGE stained positively with the PAS stain. Although it was later shown that the F1 ATPase is not a glycoprotein, no explanation for the PAS staining was proposed (20) . It seems likely that weak ConA binding to the linkers can be explained by a nonspecific interaction. The fact that the blotted linkers were not stained by the periodate oxidation-based methods confirms that they are not glycoproteins.
Similarly, we conclude that G. coulteri R-PE and P. cruentum B-PE are not glycoproteins. The amount of sugar found in each of these cases is consistent with low-level glycosylation of the -y subunits, substoichiometric glycosylation of a or P8 subunits, or a sugar-containing contaminant.
It is clear from SDS-PAGE-based detection methods that there is a glycosylated contaminant of about 55 kDa (apparent molecular mass) in the R-PE preparation analyzed for carbohydrate. This species stains weakly with protein stain and strongly both with ConA and HRP and with the glycan detection kit; weak protein staining is commonly observed on highly glycosylated proteins. Rogers and Talarico (31) have reported that lectins are persistent contaminants of G. coulteri R-PE and can be separated from the phycoerythrin by gel filtration on Bio-Gel P-100. None of the three subunits of R-PE stains in a ConA-dependent manner with ConA and HRP. All three stain weakly with the glycan detection kit. This staining appears to be a result of modification of the bilin chromophores. The small amounts of sugar found in the phycoerythrin samples are similar to those found in the Synechococcus sp. PCC strain 7002 C-PC sample. C-PC is not thought to be a glycoprotein. The phycobiliprotein-rich SCN-supernatant from Synechococcus sp. strain PCC 7942 phycobilisomes yielded no carbohydrate. Several phycocyanins and phycoerythrins have been sequenced at the protein level, and no glycopeptides have been observed (40) . For Calothrix sp. strain PCC 7601 C-phycoerythrin, the amino acid sequence inferred from the DNA sequence and that directly established by amino acid sequence determination match, eliminating the possibility that this protein is glycosylated at more than low substoichiometric levels (23) .
Our results call into question the claim of Fujiwara (7) that R-PE from P. tenera is a glycoprotein. It is possible that the purified R-PE used for that work was contaminated with glycoprotein (31), polysaccharide, or other sugar-containing material and that some fraction of this material copurified with the peptic chromopeptide P-12a. Covalent linkage of carbohydrate to the chromopeptide was not demonstrated. However, we did not examine P. tenera R-PE specifically.
The work presented highlights the ambiguities inherent in the interpretation of borderline positive results obtained with widely used staining procedures for glycoproteins. Trace amounts of aldehydic and keto groups may be generated on proteins by oxidative reactions both in vivo and in vitro, mandating that the results of staining reactions be evaluated in a quantitative rather than a qualitative manner. In particular, the kinetics of color development become a critical issue when enzyme-mediated amplification of staining is involved.
